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In this work, we study the mass spectrum of the Ωccc and Ωbbb baryons up to the N = 2 shell within a non-
relativistic constituent quark model (NRCQM). The model parameters are adopted from the determinations by
fitting the charmonium and bottomonium spectra in our previous works. The masses of theΩccc andΩbbb baryon
states predicted in present work reasonably agree with the results obtained with the Lattice QCD calculations.
Furthermore, to provide more knowledge of the Ωccc and Ωbbb states, we evaluate their radiative decays with the
available masses and wave functions from the potential model.
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I. INTRODUCTION
In the discovery of the heavy baryons, the Large Hadron
Collider (LHC) facility has shown its powerful abilities in re-
cent years. For example, in 2017 the first doubly charmed
baryon Ξ++cc (3621) was discovered in the Λ
+
c K
−π+π− mass
spectrum [1], and was confirmed in the Ξ+c π
+ channel one
year later [2] by the LHCb Collaboration. In 2017, five ex-
tremely narrow Ωc(X) states, Ωc(3000), Ωc(3050), Ωc(3066),
Ωc(3090) and Ωc(3119), were observed in the Ξ
+
c K
− chan-
nel by the LHCb Collaboration [3]. Very recently four
bottom baryon resonances Ξb(6227)
− [4], Σb(6097)± [5],
Λb(6146/6152)
0 [6] were observed at LHCb as well. Except
for the singly and doubly heavy baryons, the LHC facility may
provide good opportunities for discovering the missing triply
heavy baryons [7, 8].
The triply heavy baryons, as a system of fully heavy quarks,
may provide a new window for understanding the structure of
baryons. The complications of light-quark interaction are ab-
sent in the triply heavy baryons, thus, they provide an ideal
place for our better understanding the heavy quark dynam-
ics. From the theoretical point view, the potential models
might be able to describe triply heavy baryons to a similar
level of precision as their success in heavy quarkonia. Just
as the quark-antiquark interactions are examined in charmo-
nia and bottomonia, the studies of the triply heavy baryon
spectra will probe the quark-quark interactions in the heavy
quark sector [9]. In the past years, many studies about the
triply heavy baryons can be found in the literature. Most of
them focused on the predictions of the masses [9–38] and
the production [7, 8, 39–44]. However, only several works
have paid attentions to the weak decays [45–47], magnetic
moments [33, 48], M1 decays [48] of triply heavy baryons.
Stimulated by the large discovery potentials of the heavy
baryons at the LHC facility, in this work we carry out a
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systemical study of the triply heavy baryon spectra of Ωccc
and Ωbbb within a nonrelativistic potential model. Recently,
with this model we have studied the spectra of the charmo-
nium, bottomonium, Bc meson, Ω baryon, and fully-heavy
tetraquark states. For there are no measurements of the triply
heavy baryons which can be used to constrain the parame-
ters potential model, the model parameters of this work are
adopted with the determinations by fitting the charmonium
and bottomonium spectra in our previous works [49–51]. The
masses of theΩccc andΩbbb baryon states predicted in present
work reasonably agree with the results obtained with the Lat-
tice QCD calculations [9, 15].
Furthermore, to provide more knowledge of the Ωccc and
Ωbbb states, we evaluate their radiative decays with the avail-
able wave functions from the potential model. It should
be emphasized that the OZI allowed two-body strong decay
channels are absence for the low-lying 1P-, 1D-, and 2S -
wave Ωccc and Ωbbb states, thus, the radiative transitions be-
come important in their decays. Consequently, the radiative
decay processes of the excited Ωccc or Ωbbb states may be
crucial for establishing them if they are produced in experi-
ments. In this work, radiative decays of the Ωccc and Ωbbb
states are calculated within a nonrelativistic constituent quark
model developed in our previous study of the heavy quarko-
nia [49, 52]. This model was also successfully extended to
deal with the radiative decays of the Bc meson states [53], Ω
baryon states [54], singly baryon states [55–57], and doubly
heavy baryon states [58, 59].
This paper is organized as follows. In Sec. II, a brief re-
view of the potential model is given and the mass spectra of
theΩccc andΩbbb baryons are calculated. Then, in Sec. III, we
give a review of the radiative decay model, and calculate ra-
diative decays of the excitedΩccc andΩbbb states by using the
masses and wave functions obtained from the potential model.
In Sec. IV, we give our discussions based on the obtained ra-
diative decay properties and masses of the Ωccc and Ωbbb res-
onances. Finally, a summary is given in Sec. V.
2II. MASS SPECTRUM
A. Hamiltonian
To calculate the spectrum of the Ωccc and Ωbbb baryons, the
following nonrelativistic Hamiltonian is adopted in this work
H = (
3∑
i=1
mi + Ti) − TG +
∑
i< j
Vi j(ri j), (1)
where mi and Ti stand for the constituent quark mass and ki-
netic energy of the i-th quark, respectively; TG stands for the
center-of-mass (c.m.) kinetic energy of the baryon system;
ri j ≡ |ri − r j| is the distance between the i-th quark and j-th
quark; and Vi j(ri j) stands for the effective potential between
the i-th and j-th quark. In this work, we adopt a widely used
potential form for Vi j(ri j) [49, 52, 60–67], i.e.
Vi j(ri j) = V
con f
i j
(ri j) + V
sd
i j (ri j) , (2)
where V
con f
i j
stands for the potential for confinement, and is
adopted the standard Cornell form:
V
con f
i j
(ri j) =
b
2
ri j −
2
3
αi j
ri j
, (3)
while V sd
i j
(ri j) stands for the spin-dependent interaction, which
is the sum of the spin-spin contact hyperfine potential VS S
i j
, the
tensor term VT
i j
, and the spin-orbit term VLS
i j
:
V sdi j = V
S S
i j + V
T
i j + V
LS
i j . (4)
The spin-spin potential VS S
i j
and the tensor term VT
i j
are
adopted the often used forms:
VS Si j = −
2αi j
3
−
π
2
·
σ3
i j
e
−σ2
i j
r2
i j
π3/2
· 16
3mim j
(Si · S j)
 , (5)
VTi j =
2αi j
3
· 1
mim jr
3
i j
{
3(Si · ri j)(S j · ri j)
r2
i j
− Si · S j
}
. (6)
In this work, a simplified phenomenological spin-orbit poten-
tial is adopted as that suggested in the literature [54, 68, 69],
i.e.,
VLSi j =
αSO
ρ2 + λ2
· L · S
3(m1 + m2 + m3)2
. (7)
In the above equations, the Si, S and L are the spin operator of
the i-th quark, the total spin of the baryon and the total orbital
angular momentum of the baryon, respectively; the parameter
b, αi j, and αS O denote the strength of confinement potential,
strong coupling, and spin-orbit potential, respectively.
The seven parameters mc, mb, αcc, αbb, σcc, σbb, and b have
been determined by fitting the charmonium and bottomonium
spectra in our previous works [49–51]. In this work, we use
the same value of parameter αS O as in Ref. [54]. The quark
model parameters adopted in present work are collected in Ta-
ble I.
TABLE I: Quark model parameters adopted in this work.
Parameter Value
mc (GeV) 1.4830
mb (GeV) 4.8520
αcc 0.5461
αbb 0.4311
σcc (GeV) 1.1384
σbb (GeV) 2.3200
b (GeV2) 0.1425
αS O (GeV) 1.9000
B. States classified in the quark model
The Ωccc and Ωbbb spectra should satisfy the requirements
of the SU(6)×O(3) symmetry. The states in the SU(6)×O(3)
representation up to the N = 2 shell are given in Table II. We
denote the baryon states as |N6,2S+1 N3, N, L, JP〉, where N6
stands for the irreducible representation of spin-flavor SU(6)
group, N3 stands for the irreducible representation of flavor
SU(3) group, and N, S , L, and JP stand for the principal,
spin, total orbital angular momentum, and spin-parity quan-
tum numbers, respectively. The SU(6)×O(3) wave functions,
which correspond to the |N6,2S+1 N3, N, L, JP〉 states, are also
listed in Table II. The ψσ
NLML
(ρ, λ) and χσ
MS
are the spatial and
spin wave functions, respectively, where σ(= s, ρ, λ, a) de-
notes the representation of the S 3 group. In the spatial wave
functions, ρ and λ are the internal Jacobi coordinates. The ex-
plicit forms of the ψσ
NLML
(ρ, λ) and χσ
MS
have been given in the
Ref. [54, 70].
C. Numerical calculation
The key problem of our numerical calculations is how
to deal with the spatial wave functions. To work out the
spatial wave functions, in this work we expand them in
terms of Gaussian basis functions. The spatial wave function
ψσ
NLML
(ρ, λ) may be expressed as [54]
ψσNLML (ρ, λ) =
∑
N=2(nρ+nλ)
+lρ+lλ
ML=mρ+mλ
C
nρ lρmρ
nλ lλmλ
[
ψnρlρmρ(ρ)ψnλlλmλ(λ)
]σ
NLML
. (8)
The coefficients C
nρ lρmρ
nλ lλmλ
in the spatial wave function
ψσ
NLML
(ρ, λ) up to the N = 2 shell have been given in our previ-
ous work [54]. In the above equation, ψnρ lρmρ(ρ) and ψnλ lλmλ(λ)
stand for the spatial wave functions of the ρ- and λ-mode ex-
citations, respectively.
The radial wave functions of the ρ- and λ-mode excitations,
Rnξ lξ (ξ) (ξ = ρ, λ), are expanded by a series of Gaussian basis
functions [54]:
Rnξ lξ (ξ) =
n∑
ℓ=1
Cξℓ φnξ lξ (dξℓ, ξ), (9)
3TABLE II: Quark model classification of the ΩQQQ (Q = s, c, b) states up to N = 2 shell.
n2S+1LJP |N6,2S+1 N3, N, L, JP〉 SU(6)×O(3) wave functions
14S 3
2
+ |56,4 10, 0, 0, 3
2
+〉 ψS
000
(ρ, λ)χS
MS
12P 1
2
− |70,2 10, 1, 1, 1
2
−〉 ∑
ML+MS =M
〈1ML; 12 MS | 12 M〉
√
1
2
(
ψλ
11ML
(ρ, λ)χλ
MS
+ ψ
ρ
11ML
(ρ, λ)χ
ρ
MS
)
12P 3
2
− |70,2 10, 1, 1, 3
2
−〉 ∑
ML+MS =M
〈1ML; 12 MS | 32 M〉
√
1
2
(
ψλ
11ML
(ρ, λ)χλ
MS
+ ψ
ρ
11ML
(ρ, λ)χ
ρ
MS
)
22S 1
2
+ |70,2 10, 2, 0, 1
2
+〉
√
1
2
(
ψλ
200
(ρ, λ)χλ
MS
+ ψ
ρ
200
(ρ, λ)χ
ρ
MS
)
24S 3
2
+ |56,4 10, 2, 0, 3
2
+〉 ψS
200
(ρ, λ)χS
MS
12D 3
2
+ |70,2 10, 2, 2, 3
2
+〉 ∑
ML+MS =M
〈2ML; 12 MS | 32 M〉
√
1
2
(
ψλ
22ML
(ρ, λ)χλ
MS
+ ψ
ρ
22ML
(ρ, λ)χ
ρ
MS
)
12D 5
2
+ |70,2 10, 2, 2, 5
2
+〉 ∑
ML+MS =M
〈2ML; 12 MS | 52 M〉
√
1
2
(
ψλ
22ML
(ρ, λ)χλ
MS
+ ψ
ρ
22ML
(ρ, λ)χ
ρ
MS
)
14D 1
2
+ |56,4 10, 2, 2, 1
2
+〉 ∑
ML+MS =M
〈2ML; 32 MS | 12 M〉ψS22ML (ρ, λ)χSMS
14D 3
2
+ |56,4 10, 2, 2, 3
2
+〉 ∑
ML+MS =M
〈2ML; 32 MS | 32 M〉ψS22ML (ρ, λ)χSMS
14D 5
2
+ |56,4 10, 2, 2, 5
2
+〉 ∑
ML+MS =M
〈2ML; 32 MS | 52 M〉ψS22ML (ρ, λ)χSMS
14D 7
2
+ |56,4 10, 2, 2, 7
2
+〉 ∑
ML+MS =M
〈2ML; 32 MS | 72 M〉ψS22ML (ρ, λ)χSMS
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FIG. 1: Mass spectra of Ωccc and Ωbbb baryons predicted in this work.
where
φnξ lξ (dξℓ, ξ) =
(
1
dξℓ
) 3
2
[
2
lξ+2−nξ (2lξ+2nξ+1)!!√
πnξ ![(2lξ+1)!!]2
] 1
2 (
ξ
dξℓ
)lξ
×e−
1
2
(
ξ
dξℓ
)2
F
(
−nξ, lξ + 32 ,
(
ξ
dξℓ
)2)
. (10)
The F
(
−nξ, lξ + 32 ,
(
ξ
dξℓ
)2)
is the confluent hypergeometric
function. The parameter dξℓ can be related to the harmonic
oscillator frequency ωξℓ with 1/d
2
ξℓ
= Mξωξℓ. The reduced
masses Mρ,λ are defined by Mρ ≡ 2m1m2(m1+m2) , Mλ ≡
3(m1+m2)m3
2(m1+m2+m3)
.
On the other hand, the harmonic oscillator frequency ωξℓ can
be related to the harmonic oscillator stiffness factor Kℓ with
ωξℓ =
√
3Kℓ/Mξ [70]. For the identical quark system, one has
dρℓ = dλℓ = dℓ = (3mQKℓ)
−1/4, where mQ stands for the con-
stituent mass of the charm or bottom quark. With this relation,
the spatial wave function ψσ
NLML
(ρ, λ) can be simply expanded
4as
ψσNLML (ρ, λ) =
∑
ℓ
CℓψσNLML (dℓ, ρ, λ), (11)
where ψσ
NLML
(dℓ, ρ, λ) stands for the trial harmonic oscillator
functions,
ψσNLML (dℓ, ρ, λ) =
∑
N=2nρ+2nλ+lρ+lλ
ML=mρ+mλ
C
nρ lρmρ
nλ lλmλ
[
φnρlρ(dℓ, ρ)φnλlλ(dℓ, λ)Ylρmρ(ρˆ)Ylλmλ(λˆ)
]σ
NLML
. (12)
To solve the Schro¨dinger equation, the variation principle is
adopted in this work. Following the method used in Refs. [50,
71], the oscillator length dℓ is set to be
dℓ = d1a
ℓ−1 (ℓ = 1, ..., n), (13)
where n is the number of Gaussian functions, and a is the ratio
coefficient. There are three parameters {d1, dn, n} to be deter-
mined through variation method. It is found that when we take
parameters {0.068fm, 2.711fm, 15} and {0.050fm, 2.016fm,
15} for Ωccc baryons and Ωbbb baryons, respectively, we will
obtain stable solutions for the Ωccc and Ωbbb baryons.
Finally, the problem of solving the Schro¨dinger equation
become a problem of solving the generalized matrix eigenval-
ues of the following equation
n∑
ℓ=1
n∑
ℓ′=1
(Hℓℓ′ − EℓNℓℓ′ )Cℓℓ′ = 0, (14)
where Hℓℓ′ ≡
〈
Ψ(d′
ℓ
)
∣∣∣∣H
∣∣∣∣Ψ(dℓ)
〉
and Nℓℓ′ ≡
〈
Ψ(d′
ℓ
)
∣∣∣∣Ψ(dℓ)
〉
. The
function Ψ(dℓ) is given by
Ψ(dℓ) =
∑
ML+MS =M
〈LML, S MS |JM〉ψσNLML (dℓ, ρ, λ)χσMS . (15)
The calculations of matrix elements Hℓℓ′ and Nℓℓ′ have been
detailed discussed in Ref. [54]. The physical state corresponds
to the solution with a minimum energy Em. By solving this
generalized matrix eigenvalue problem, the masses and spa-
cial wave functions of theΩccc andΩbbb baryons can be deter-
mined.
The predicted masses of the Ωccc and Ωbbb baryons up to
N = 2 shell have been given in Table III and also shown in
Fig I.
III. RADIATIVE DECAYS
In this work the radiative decays of the Ωccc and Ωbbb
baryon states are evaluated within a nonrelativistic constituent
quark model developed in our previous study of the heavy
quarkonia [49, 52]. This model has been extended to deal with
the radiative decays of the Bc meson states [53], Ω baryon
states [54], singly baryon states [55–57].
TABLE III: Masses (MeV) of the Ωccc and Ωbbb baryons predicted in
present work.
n2S+1LJP |N6,2S+1 N3, N, L, JP〉 Ωccc Ωbbb
14S 3
2
+ |56,4 10, 0, 0, 3
2
+〉 4828 14432
12P 1
2
− |70,2 10, 1, 1, 1
2
−〉 5142 14773
12P 3
2
− |70,2 10, 1, 1, 3
2
−〉 5162 14779
22S 1
2
+ |70,2 10, 2, 0, 1
2
+〉 5373 14959
24S 3
2
+ |56,4 10, 2, 0, 3
2
+〉 5285 14848
12D 3
2
+ |70,2 10, 2, 2, 3
2
+〉 5412 15016
12D 5
2
+ |70,2 10, 2, 2, 5
2
+〉 5433 15022
14D 1
2
+ |56,4 10, 2, 2, 1
2
+〉 5352 14971
14D 3
2
+ |56,4 10, 2, 2, 3
2
+〉 5368 14975
14D 5
2
+ |56,4 10, 2, 2, 5
2
+〉 5392 14981
14D 7
2
+ |56,4 10, 2, 2, 7
2
+〉 5418 14988
In this model, the quark-photon electromagnetic (EM) cou-
pling at the tree level is adopted as
He = −
∑
j
e jψ¯ jγ
j
µA
µ(k, r j)ψ j, (16)
where Aµ is the photon field with three momentum k, while
r j and e j stand for the coordinate and charge of the jth quark
field ψ j.
In order to match the nonrelativistic wave functions of the
baryons, we should adopt the nonrelativistic form of Eq. (16)
in the calculations. Including the effects of the binding poten-
tial between quarks [72], the nonrelativistic expansion of He
may be written as [73–75]
he ≃
∑
j
[
e jr j · ǫ −
e j
2m j
σ j · (ǫ × kˆ)
]
e−ik·r j , (17)
where m j and σ j stand for the constituent mass and Pauli spin
vector for the jth quark. The vector ǫ is the polarization vec-
tor of the photon. This nonrelativistic EM transition operator
has between widely applied to meson photoproduction reac-
tions [73, 74, 76–85].
Then, the standard helicity transition amplitude Aλ be-
tween the initial baryon state |B〉 and the final baryon state
|B〉 can be calculated by
Aλ = −i
√
ωγ
2
〈B′|he|B〉. (18)
where ωγ is the photon energy.
Finally, we can calculate the EM decay width by
Γγ =
|k|2
π
2
2Ji + 1
M f
Mi
∑
J f z,Jiz
|AJ f z,Jiz |2, (19)
where Ji is the total angular momentum of an initial meson,
J f z and Jiz are the components of the total angular momenta
along the z axis of initial and final mesons,respectively.
5In our calculations, the masses and the wave functions of
the Ωccc and Ωbbb baryon states are adopted by solving the
Schro¨dinger equation in Sec.II. The radiative decay widths of
Ωccc and Ωbbb baryons up to N = 2 are listed in Table IV. For
simplicity one can fit the numerical wave functions with a sin-
gle Gaussian (SG) form by reproducing the root-mean-square
radius of the ρ-mode excitations. The determined harmonic
oscillator strength parameters, α, for theΩccc andΩbbb baryon
states are listed in Table V. With the the SG effective wave
functions, we also calculated the radiative decay widths of the
Ωccc andΩbbb baryon states, these results are listed in Table IV
for a comparison. From Table IV, it is find that the partial
widths obtained with the SG effective wave functions show
less differences with those obtained with the real numerical
wave functions.
IV. DISCUSSIONS
A. Ground states
For the ground states Ωccc and Ωbbb, our predicted masses
are ∼ 4828 MeV and ∼ 14432 MeV, respectively. There are
many predictions of the masses of Ωccc and Ωbbb in the litera-
ture [9–38]. For a comparison, our results and those of other
works are collected in Table VI and also shown in Fig 2.
It is found that in most of the studies the masses of the
ground states Ωccc and Ωbbb are predicted to be in the range
of ∼ 4800 ± 50 MeV and ∼ 14410 ± 170 MeV, respectively.
Our predicted masses are reasonably consistent with the pre-
vious studies, although our results are slightly larger most of
the other predictions (see Fig 2). Compared with the results
of the lattice QCD, it is found that our predicted mass forΩccc
just lies the upper limit of the predictions in Refs. [10, 12, 13],
while our predicted mass for Ωbbb is about 60 MeV above the
predictions in Refs. [10, 15].
B. 1P-wave states
There are two 1P-wave ΩQQQ (Q = c, b) states with J
P =
1/2− and JP = 3/2− according to the quark model classifi-
cation (see Table II). For a comparison, our predicted masses
of the 1P-wave Ωccc and Ωbbb states together with those of
other theoretical predictions have been listed in Table VII and
shown in Figure 3. Our predictions of the radiative decay
properties of the 1P-wave Ωccc and Ωbbb states are also given
in Table IV.
1. Ωccc(1P) states
In our calculations, the masses of the 1P-wave states
Ωccc(1
2P1/2−) and Ωccc(1
2P3/2−) are predicted to be ∼ 5142
MeV and ∼ 5162 MeV, respectively, which are close to the
values ∼ 5120(9) MeV ∼ 5124(13) MeV from the Lattice
QCD calculation [9]. Our results are also compatible with
the other model predictions in Refs. [16, 17, 22, 30, 34]. The
mass splitting between Ωccc(1
2P1/2−) and Ωccc(1
2P3/2−) might
be small. With a simplified phenomenological spin-orbit po-
tential as adopted in the study of the Ω spectrum in our previ-
ous work [54], we predict that the mass splitting between these
two 1P-wave states might be ∼ 20 MeV, which is slightly
larger than the value of several MeV predicted in the litera-
ture [9, 16].
The decays of the 1P-waveΩccc(1
2P1/2− ) andΩccc(1
2P3/2−)
states may be dominated by the radiative transitions into the
ground 1S -wave state Ωccc, for their OZI-allowed two body
strong decay processes are absence. We further estimate the
radiative decays of the Ωccc(1
2P1/2−) and Ωccc(1
2P3/2−) states
by using the wave functions calculated from the potential
model. It is found that both Ωccc(1
2P1/2−) and Ωccc(1
2P3/2−)
have a comparable radiative decay width into the ground 1S -
wave state Ωccc, i.e.,
Γ[Ωccc(1
2P1/2− ) → Ωcccγ] = 3.10 keV, (20)
Γ[Ωccc(1
2P3/2−) → Ωcccγ] = 4.07 keV. (21)
The radiative transitions Ωccc(1
2P1/2− , 1
2P3/2−) → Ωcccγ may
be crucial to established them in future experiments. It should
be mentioned that few studies radiative decay properties of
the excited Ωccc are found in the literature. More theoretical
analysis is need to better understand these 1P-wave states.
2. Ωbbb(1P) states
The masses of the 1P-wave states Ωbbb(1
2P1/2−) and
Ωbbb(1
2P3/2−) are predicted to be ∼ 14773 MeV and ∼ 14779
MeV, respectively. Our predictions are about 40 − 100
MeV larger than those predictions in Refs. [15, 17, 30],
while about 200 MeV smaller than the those predictions in
Refs. [16, 32]. It should be mentioned that our predicted mass
of Ωbbb(1
2P3/2−) is in good agreement with that predicted
with Faddeev Equation [24]. Furthermore, our predicted mass
splitting between Ωbbb(1
2P1/2−) and Ωbbb(1
2P3/2−), ∼ 6 MeV,
is similar to the Lattice QCD prediction of ∼ 8 MeV in
Ref. [15].
In the following we give a brief discussion of the relations
of the mass splitting between the 1P-wave states in the ΩQQQ
(Q ∈ {s, c, b}) baryon spectrum. If the mass splitting between
two 1P-wave states is due to the spin-orbit interaction, from
Eq. (7) one finds that the mass splitting ∆m[ΩQQQ(1P)] ∝
1
m2
Q
〈
1
ρ2+λ2
〉
, wheremQ is the mass of constituent quark Q. With
a simple harmonic oscillator wave function, one can relate the
element matrix
〈
1
ρ2+λ2
〉
to the harmonic oscillator strength pa-
rameter α. One further finds that
〈
1
ρ2+λ2
〉
∝ α2. Then we
obtain an useful relation for the mass splitting:
∆m[ΩQQQ(1P)] ∝
(
α
mQ
)2
. (22)
Taking the constituent quark masses and effective harmonic
oscillator strength parameters α for the 1P-wave Ω, Ωccc,
and Ωbbb states determined in present work and our previous
6TABLE IV: Partial widths (keV) of radiative decays for the Ωccc and Ωbbb baryons up to N = 2 shell. Case I and Case II stand the results
obtained within the real numerical wave functions and the single Gaussian wave functions, respectively.
Γ[Ωccc(1
4S 3/2+ )γ] Γ[Ωccc(1
4S 3/2+ )γ]
Initial state Case I Case II Initial state Case I Case II
Ωccc(1
2P1/2− ) 3.10 2.78 Ωbbb(1
2P1/2− ) 0.035 0.028
Ωccc(1
2P3/2− ) 4.07 3.64 Ωbbb(1
2P3/2− ) 0.038 0.031
Γ[Ωccc(1
2P1/2− )γ] Γ[Ωccc(1
2P3/2− )γ] Γ[Ωbbb(1
2P1/2− )γ] Γ[Ωbbb(1
2P3/2− )γ]
Initial state Case I Case II Case I Case II Initial state Case I Case II Case I Case II
Ωccc(2
2S 1/2+ ) 20.14 18.07 27.43 24.70 Ωbbb(2
2S 1/2+ ) 0.99 0.82 1.46 1.25
Ωccc(2
4S 3/2+ ) 0.002 0.001 0.010 0.009 Ωbbb(2
4S 3/2+ ) < 0.001 < 0.001 < 0.001 < 0.001
Ωccc(1
2D3/2+ ) 106.88 98.80 33.58 31.26 Ωbbb(1
2D3/2+ ) 7.84 6.94 2.75 2.44
Ωccc(1
2D5/2+ ) 0.25 0.22 122.10 113.46 Ωbbb(1
2D5/2+ ) 0.001 0.001 8.42 7.44
Ωccc(1
4D1/2+ ) < 0.001 < 0.001 0.04 0.04 Ωbbb(1
4D1/2+ ) < 0.001 < 0.001 < 0.001 < 0.001
Ωccc(1
4D3/2+ ) 0.38 0.35 0.02 0.02 Ωbbb(1
4D3/2+ ) 0.002 0.002 < 0.001 < 0.001
Ωccc(1
4D5/2+ ) 0.22 0.21 0.39 0.34 Ωbbb(1
4D5/2+ ) < 0.001 < 0.001 0.002 0.002
Ωccc(1
4D7/2+ ) < 0.001 < 0.001 0.80 0.74 Ωbbb(1
4D7/2+ ) < 0.001 < 0.001 0.003 0.002
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FIG. 2: A comparison of the masses of the ground states Ωccc and Ωbbb from various model predictions.
work [54], we obtain the following ratios
∆m[Ω(1P)] : ∆m[Ωccc(1P)] : ∆m[Ωbbb(1P)] ≃ 9 : 3 : 1.
(23)
Future experimental measurements of these ratios may pro-
vide a crucial test for the spin-orbit interactions adopted in
present work.
The radiative decay properties of the Ωbbb(1
2P1/2− ) and
Ωbbb(1
2P3/2−) states are also estimated in present work by us-
ing the wave functions calculated from the potential model.
The partial widths for the Ωbbb(1
2P1/2−) and Ωbbb(1
2P3/2−)
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FIG. 3: A comparison of the masses of the 1P-wave Ωccc and Ωbbb states from various model predictions.
TABLE V: The effective harmonic oscillator strength parameters α
and root-mean-square 〈r212〉1/2 of Ωccc and Ωbbb baryons up to N = 2
shell.
Ωccc Ωbbb
n2S+1LJP α(MeV) 〈r212〉1/2(fm) α(MeV) 〈r212〉1/2(fm)
14S 3
2
+ 716 0.48 1358 0.25
12P 1
2
− 637 0.62 1090 0.36
12P 1
3
− 627 0.63 1084 0.36
22S 1
2
+ 581 0.76 968 0.46
24S 3
2
+ 581 0.76 992 0.44
12D 3
2
+ 584 0.76 955 0.46
12D 5
2
+ 575 0.77 947 0.47
14D 1
2
+ 597 0.74 973 0.45
14D 3
2
+ 589 0.75 968 0.46
14D 5
2
+ 579 0.76 963 0.46
14D 7
2
+ 569 0.78 955 0.46
states decaying into the ground state Ωbbb are predicted to be
Γ[Ωbbb(1
2P1/2−) → Ωbbbγ] = 0.035 keV, (24)
Γ[Ωbbb(1
2P3/2−) → Ωbbbγ] = 0.038 keV. (25)
Combing the partial widths of the 1P-wave Ωccc states, one
find
R = Γ[Ωbbb(1P) → Ωbbb(1S )γ]
Γ[Ωccc(1P) → Ωccc(1S )γ]
≃ 1
100
. (26)
Since the partial widths for the 1P-wave Ωccc states are about
two orders of magnitude smaller than those corresponding
processes of the 1P-wave Ωbbb states, the radiative decay pro-
cess of Ωbbb(1P) → Ωbbbγ may be more difficultly observed
than Ωccc(1P)→ Ωcccγ.
C. 1D-wave states
There are six 1D-wave states |14D7/2+, 5/2+ 3/2+ 1/2+〉 and
|12D5/2+ 3/2+〉 inΩQQQ spectrum according to the quark model
classification (see Table II). For a comparison, the masses of
the 1D-wave Ωccc and Ωbbb states predicted in present work
together with those from other works are listed in Table VIII.
Our predictions of the radiative decay properties of the 1D-
wave states are also given in Table IV. To our knowledge, no
studies of the radiative decay properties of the 1D-wave triply
heavy baryons can be available in the literature.
1. Ωccc(1D) states
The masses for the spin quartets Ωccc(1
4DJ) are predicted
to be in the range of ∼ 5.35−5.42 GeV in present work, which
8TABLE VI: Our predicted masses (MeV) of the ground states Ωccc
and Ωbbb compared with those of other works.
Method Ωccc(1
4S 3/2+ ) Ωbbb(1
4S 3/2+ )
NRCQM (Ours) 4828 14432
Lattice QCD [10] 4796(8)(18) 14366(9)(20)
Lattice QCD [11] 4769(6) · · ·
Lattice QCD [12] 4789(6)(21) · · ·
Lattice QCD [13] 4761(52)(21)(6) · · ·
Lattice QCD [14] 4734(12)(11)(9) · · ·
Lattice QCD [9] 4763(6) · · ·
Lattice QCD [15] · · · 14371 ± 4 ± 11
NRCQM [16] 4965 14834
NRCQM [17] 4798 14396
NRCQM [18] 4763 14371
NRCQM [19] 4801 ± 5 14373 ± 25
QCD Sum Rule [20] 4670 ± 150 13280 ± 100
QCD Sum Rule [21] 4720 ± 120 14300 ± 200
QCD Sum Rule [22] 4990 ± 140 14830 ± 100
Faddeev Equation [23] 4900 13800
Faddeev Equation [24] 4760 14370
Faddeev Equation [25] 4799 14244
Diquark Model [26] 4760 14370
Diquark Model [27] 4800 14370
Variational Method [45] 4799 14396
Variational Method [28] 4760 ± 60 14370 ± 80
Bag model [29] 4777 14276
Bag model [30] 4790 14300
RQM [31] 4803 14569
HCQM [32] 4806 14496
HCQM [33] 4812 ± 85 14566 ± 122
Regge Theory [34] 4834+82−81 · · ·
Regge Theory [35] · · · 14788 ± 80
NRQCD [36] 4900(250) 14700(300)
Bathe-Salpeter Equation [37] 4773 · · ·
RGPEP [38] 4797 14346
is compatible with the predictions from Lattice QCD [9] and
NRCQM [17]. From Table VIII, it is found that the mass order
for the spin quartets predicted in the literature is very different,
in this work we predict a normal order, i.e.,
M[Ωccc(1
4D1/2+)] < M[Ωccc(1
4D3/2+)]
< M[Ωccc(1
4D5/2+)] < M[Ωccc(1
4D7/2+ )]. (27)
The mass splitting between two adjacent states is about 20
MeV.
For the spin doublets Ωccc(1
2D3/2+) and Ωccc(1
2D5/2+ ),
their masses are predicted to be ∼ 5412 MeV and ∼ 5433
MeV, respectively, which are compatible with those of Lattice
QCD [9] and HCQM [32]. In this work we find the mass of
Ωccc(1
2D5/2+) is about 20 MeV above that of Ωccc(1
2D3/2+ ).
The mass order
M[Ωccc(1
2D3/2+ )] < M[Ωccc(1
2D5/2+)] (28)
predicted by us is different from the predictions in Refs. [9,
32]. To clarify the mass order of these spin multiplets, the
spin dependent interactions should be further studied in future
works.
The radiative decay properties of the 1D-wave Ωccc states
are also studied, our results are listed in Table IV. For the spin
quartets Ωccc(1
4DJ), their decay rates into the 1P-wave state
Ωccc(1P) are small. The maximum radiative decay width in
the radiative transitions Ωccc(1
4DJ) → Ωccc(1P) is no more
than 1 KeV. However, the spin doublets Ωccc(1
2D3/2+ ) and
Ωccc(1
2D5/2+ ) have large decay rates into the 1P-wave states
via the E1 dominated processes Ωccc(1
2D3/2+) → Ωccc(1P)γ
and Ωccc(1
2D5/2+) → Ωccc(12P3/2−)γ. These radiative decay
widths are predicted to be
Γ[Ωccc(1
2D3/2+) → Ωccc(12P1/2− )γ] ≃ 107 keV, (29)
Γ[Ωccc(1
2D3/2+) → Ωccc(12P3/2− )γ] ≃ 34 keV, (30)
Γ[Ωccc(1
2D5/2+) → Ωccc(12P3/2− )γ] ≃ 122 keV. (31)
If the spin doublets Ωccc(1
2D3/2+ ) and Ωccc(1
2D5/2+ ) can be
produced in future experiments, these radiative processes may
be useful for establishing them.
2. Ωbbb(1D) states
As shown in Table VIII, the masses of the 1D-wave states
Ωbbb(1D) are predicted to be in the range of ∼ 14.97 − 15.02
GeV in present work. The mass order for the six 1D-wave
states is
M[Ωbbb(1
4D1/2+ )] < M[Ωbbb(1
4D3/2+ )]
< M[Ωbbb(1
4D5/2+)] < M[Ωbbb(1
4D7/2+)]
< M[Ωbbb(1
2D3/2+)] < M[Ωbbb(1
2D5/2+ )]. (32)
The mass splitting between two adjacent states is about sev-
eral MeV. It is interesting to find that our prediction of the
masses, mass order, and mass splitting for 1D-wave states
Ωbbb(1D) are consistent with those of the Lattice QCD [15].
However, the masses of the 1D-wave states predicted in this
work are about 100-300 MeV lower than those predicted in
Refs. [16, 32], while about 100 MeV higher than those pre-
dicted in Ref. [17]. Our predicted mass order for the 1D-wave
states is also different from those predictions in Refs. [16, 32].
As a whole there are large uncertainties in the predictions of
the mass spectrum of the 1D-wave states Ωbbb(1D), more the-
oretical studies are needed.
In present work we also give our predictions of the radia-
tive decays of 1D-wave states Ωbbb(1D). Our results are col-
lected in Table IV. From the table it is found that for the spin
quartets Ωccc(1
4DJ), their partial widths of the radiative de-
cays into the 1P-wave states Ωbbb(1P) are tiny (O(1) eV) for
the absences of the E1 transitions. However, for spin doublets
Ωbbb(1
2D3/2+ ) and Ωbbb(1
2D5/2+), there are fairly large decay
rates into the 1P-wave states Ωbbb(1P) via the E1 dominant
transitions. These radiative decay widths are predicted to be
Γ[Ωbbb(1
2D3/2+) → Ωbbb(12P1/2−)γ] ≃ 7.8 keV, (33)
Γ[Ωbbb(1
2D3/2+) → Ωbbb(12P3/2−)γ] ≃ 2.8 keV, (34)
Γ[Ωbbb(1
2D5/2+) → Ωbbb(12P3/2−)γ] ≃ 8.4 keV. (35)
These partial widths for the 1D-wave Ωbbb states are about
one order of magnitude smaller than those corresponding pro-
cesses of the 1D-wave Ωccc states.
9TABLE VII: Our predicted masses (MeV) of the 1P-wave Ωccc and Ωbbb states compared with those of other works.
Method Ωccc(1
2P1/2− ) Ωccc(1
2P3/2− ) Ωbbb(1
2P1/2− ) Ωbbb(1
2P3/2− )
NRCQM (Ours) 5142 5162 14773 14779
Lattice QCD [9] 5120(9) 5124(13) · · · · · ·
Lattice QCD [15] · · · · · · 14706.3 ± 9.8 ± 18.4 14714 ± 9.5 ± 18.2
NRCQM [16] 5155 5160 14975 14976
NRCQM [17] 5129 5129 14688 14688
QCD Sum Rule [21] · · · 4900 ± 100 · · · 14900 ± 200
QCD Sum Rule [22] · · · 5110 ± 150 · · · 14950 ± 110
Faddeev Equation [24] · · · 5027 · · · 14771
Bag model [30] 5140 · · · 14660 · · ·
HCQM [32] 5002 4982 14941 14935
Regge theory [34] · · · 5073+109−107 · · · · · ·
Regge theory [35] · · · · · · · · · 15055 ± 101
Bathe-Salpeter Equation [37] 5019 5014 · · · · · ·
TABLE VIII: Our predicted masses (MeV) of the 2S - and 1D-wave Ωccc and Ωbbb states compared with those of other works.
Ωccc Ωbbb
NRCQM Lattice NRCQM NRCQM HCQM NRCQM Lattice NRCQM NRCQM HCQM
n2S+1LJP Ours Ref. [9] Ref. [16] Ref. [17] Ref. [32] Ours Ref. [15] Ref. [16] Ref. [17] Ref. [32]
22S 1
2
+ 5373 5405(14) 5332 · · · 5300 14959 14938 ± 18 ± 23 15097 · · · 15163
24S 3
2
+ 5285 5317(31) 5313 5286 5300 14848 14840 ± 15 ± 20 15089 14805 15163
12D 3
2
+ 5412 5465(13) · · · · · · 5436 15016 15005 ± 18 ± 24 · · · · · · 15298
12D 5
2
+ 5433 5464(15) 5343 · · · 5404 15022 15007 ± 18 ± 24 15109 · · · 15291
14D 1
2
+ 5352 5399(13) 5325 5376 5473 14971 14953 ± 17 ± 24 15102 14894 15306
14D 3
2
+ 5368 5430(13) 5313 5376 5448 14975 14958 ± 17 ± 23 15089 14894 15300
14D 5
2
+ 5392 5406(15) 5329 5376 5416 14981 14964 ± 17 ± 23 15109 14894 15293
14D 7
2
+ 5418 5397(49) 5331 5376 5375 14988 14969 ± 16 ± 23 15101 14894 15286
D. 2S states
There are two 2S -wave Ωccc/Ωbbb states with J
P = 1/2+
and JP = 3/2+ according to the quark model classification
(see Table II). For a comparison, our predicted masses of the
2S -waveΩccc andΩbbb states together with those of other the-
oretical predictions have been listed in Table VIII. Further-
more, our predictions of the radiative decay properties of the
2S -wave Ωccc and Ωbbb states are given in Table IV. To our
knowledge, no studies of the radiative decay properties of the
2S -wave triply heavy baryons can be available in the litera-
ture.
1. Ωccc(2S ) states
Our predicted masses for the 2S -wave Ωccc states
Ωccc(2
2S 1/2+) and Ωccc(2
4S 3/2+) are ∼ 5373 MeV and ∼ 5285
MeV, respectively, which are compatible with the Lattice
QCD predictions in Ref. [9]. The mass splitting between these
two 2S -wave state predicted in present work, ∼ 90 MeV, is
also in good agreement with that of the Lattice QCD [9]. It
should be mention that there are only a few predictions of
masses of the 2S -wave Ωccc states. The mass range predicted
in this work roughly agrees with the other quark model pre-
dictions [16, 17, 32], although the predicted mass splitting be-
tween the two 2S -waveΩccc states is different with each other.
The radiative decay rates of Ωccc(2
2S 1/2+ ) into
Ωccc(1
2P1/2− )γ and Ωccc(1
2P3/2−)γ final states are rela-
tively large. The radiative partial widths are predicted to
be
Γ[Ωccc(2
2S 1/2+ ) → Ωccc(12P1/2−)γ] ≃ 20 keV, (36)
Γ[Ωccc(2
2S 1/2+) → Ωccc(12P3/2−)γ] ≃ 27 keV. (37)
These radiative processes may be useful for establishing the
2S -wave Ωccc states in future experiments. However, the ra-
diative decay widths of Ωccc(2
4S 3/2+) into the 1P-wave states
Ωbbb(1P) are tiny (O(1) eV) for the absences of the E1 transi-
tions.
2. Ωbbb(2S ) states
Our predicted masses for the 2S -wave Ωbbb states
Ωbbb(2
2S 1/2+ ) and Ωbbb(2
4S 3/2+ ) are ∼ 14959 MeV and ∼
14848 MeV, respectively, which are compatible with the Lat-
tice QCD predictions in Ref. [15]. The mass splitting be-
tween these two 2S -wave state predicted in present work,
10
∼ 110 MeV, is also in good agreement with that of the Lattice
QCD [15]. Our predicted mass of Ωbbb(2
4S 3/2+) is also close
to recent quark model prediction, 14805 MeV, in Ref. [17].
However, our predictions of the masses for these 2S -wave
Ωbbb states are about 200-300MeV lower than the other quark
model predictions in Refs. [16, 32].
The E1 dominant radiative transitions of Ωbbb(2
2S 1/2+ ) →
Ωbbb(1P)γ might play a crucial role in its decays. The radia-
tive partial widths for these processes are predicted to be
Γ[Ωbbb(2
2S 1/2+) → Ω(12P1/2−)γ] = 0.99 keV, (38)
Γ[Ωbbb(2
2S 1/2+) → Ω(12P3/2−)γ] = 1.46 keV. (39)
Compared them with the partial widths of Ωccc(2
2S 1/2+ ) →
Ωccc(1
2P1/2−)γ,Ωccc(1
2P3/2−)γ, it is found that
R = Γ[Ωbbb(2
2S 1/2+ ) → Ωbbb(1PJ)γ]
Γ[Ωccc(22S 1/2+ ) → Ωccc(1PJ)γ]
≃ 1
20
. (40)
It indicates that theΩbbb(2
2S 1/2+ ) state may be more difficultly
observed thanΩccc(2
2S 1/2+) via the radiative decay processes.
Finally, it should be mentioned that the radiative decay rates
of Ωbbb(2
4S 3/2+ ) into the 1P-wave states Ωbbb(1P) are tiny
for the absences of the E1 transitions. The predicted partial
widths are less than 1 eV. Thus, the radiative decay processes
of Ωbbb(2
4S 3/2+) might be less helpful for establishing it in
experiments.
V. SUMMARY
In this work, we calculate the Ωccc and Ωbbb spectrum up
to the N = 2 shell within a potential model. The potentials
are determined by fitting the mass spectra of charmonium and
bottomonium in our previous works. For the ground states
Ωccc and Ωbbb, our predicted masses are ∼ 4828 MeV and
∼ 14432 MeV, respectively. Compared with the results of the
lattice QCD, it is found our predicted mass for Ωccc just lies
the upper limit of the predictions in Refs. [10, 12, 13], while
our predicted mass for Ωbbb is about 60 MeV above the pre-
dictions in Refs. [10, 15]. Furthermore, our predictions of
the mass ranges for the 1P-, 1D-, and 2S -wave excited Ωccc
and Ωbbb states are in good agreement with the Lattice QCD
predictions [9, 15]. It should be pointed out that mass orders
for the spin multiplets in the excited Ωccc and Ωbbb states pre-
dicted in the literature is very different. To clarify the mass
order of these spin multiplets, the spin dependent integrations
should be further studied in future works.
Moreover, by using the predicted masses and wave func-
tions from the potential model, the radiative transitions for
the 1P → 1S , 1D → 1P, and 2S → 1P are evaluated for
the first time with a constituent quark model. For the Ωccc
sector, the transition rates for 1P → 1S might be sizeable,
the partial widths are about several keV; the transition rates
for the E1 dominant decay processes 12D3/2+ → 12P1/2+,3/2+ ,
12D5/2+ → 12P3/2+ , 22S 1/2+ → 12P1/2+,3/2+ are relatively
large, their partial widths are predicted to be about 10s keV.
For the Ωbbb sector, the partial widths of the corresponding
transitions mentioned above are about one or two order of
magnitude smaller than those for the Ωccc sector. To better
understand the radiative decay properties of the excited Ωccc
and Ωbbb baryon states, more studies are hoped to be carried
out in theory.
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